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SuTBJECT: An Introduction to Creck hopagstion in H i g h  Strength 
Shed Wterials  t 

ABSTPACT: A discussion is preaented of frsoture mechanics and of the 
theory a d  test methods underlying tests which have been 
developed t o  evaluate t he  fracture toughnear; of  sheet allnyc. 

Proaedures have been devised a t  Astronautios for conduclting 
fraoture toughness t e s t s  a t  cryogenic temperatures and q u e n t i -  
tative data have been developed for  oold rolled Type 301 rtai.2- 
leea steel sheet. The freoturs toughness of thls alloy a t  low 
temperatures daomasee with dncreaslng mom temperature 
strangth (aahieved by aold work-) above a p p r o r l t e l y  160,050 
170,000 p s i  yield otrsngth. Also, the fracture toughness i n  
the tranavsrse direction I s  slg~tff iorantly less than  t h a t  in the 
longitudinal direation at sub-aero temperatures and m y  be 8 

limiting dsarign faotor f o r  t h i s  mterial uheq used a t  cr iagsnic  
temperatures. 

Fracture toughness testing is being extended to cover tenper- 
aturme down to -423OP and is being applied to measure tile 
toughnese of fus ion butt welded joints  in various high s t r m g t h  
aheet alloys. 
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TOs Distribution 

S t B J E T t  An Introduetion t o  Cnck Propagation i n  High Strength Sheet 
Ehterialr 

Thr phemmenon of brit t le fraotttn or fraature meohanius i a  a most 
in te rea t ing  and too often negleufesd toplo. 
Orlf'fith (1) advan0.d hi8 fsmoua theorie8, followed by Uertergaard(2) 
wha vh8 intclmsted i n  uraok propagation i n  ooncr8te roadcl. 
cataatmphia failures o f  all-welded ships during Uorld Uar I1 led the  
Navy t o  baak the resear& of G. R Irwin (3). 
s t ruc tu ra l  and design onglnoer was not lntererrted In the problem since 
he was adequately annod (he thou&&) with data on ultimate and yield 
strengths, peraent elongation, and modulus of e l aa t l c i ty ,  t o  say nothing 
of Poloron's rat la ,  generally obtained in tests at  room t e ~ p e r & ~ m ~  
The more advanaed engiaeera have been exposed t o  the  concept (if not 
the theory) of a t m s s  concentration faotors so ably explained by Heino 
BleUber(4). The advont of higb strength pressure vessels for rocket 
=tar cas08 baa steered the problem of b r i t t l e  f'rauture t o  our very 
drawing bonrdu. 
fueled misalle ocmbined ultb the pravioua problem and with the drive 
towards minimum weight utruatuses has made tho solution of the catastrophic 
fracture problem of utmost importanoe. 

As far back ea 1920, 

The alarming 

However, t h e  average 

Purtbr, t he  ewere cryogenlcr emrironments of the l iqu id  

BasioaUy, the theory states that Is a reaterial conkins (I craok, flaw, 
or other 8hqx-p discontfnuity, there I s  a particular d r e e e  level a t  
whiuh the oraok will propagate rapidly t o  failure. 
t h i s  stress level is b e l o w  the  y ie ld  8tmngth of the  material, Equally 
ilpportant is t h e  faat that a send-ductile material may become extremely 
' b r i t t l e  a t  oryogenicr temperatures or when subjeotod t o  m u l t i - a x i a l  or 
rapidly applied loa&. The &iffltbrfrwin theory sug$ests 
t h a t  3f t he  energy released by oraoklng exae.ds the energy required t o  
extend the qmaks, the  orat& booomes 8eI.f-propagating at  8 rapid rate 
u n t i l  t o t a l  Pallure results. 
propagation l a  knom as t he  critical mack length, 

In a b r i t t l e  meterial, 

The orack length a t  the  one& of rapid 

f t  follows t h a t  a oraok shorter than the  crltiaal arack length aan and 
often does d a t  in metal oamponents. 
at a slow rate with an incresss of atre88 Snd w i l l  atop g r o w i n g  if t h e  
load ( s t r e s s )  5.8 redwed o r  held oonstant. This alov propagation will 
continue with an incrsaee i n  s t reaa  until it reaohes the  cr i t ical  crack 

In faot, this crack can propagate 
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length for the part iculsr  
r q i d  freot;rre OCCWB. 

*streers t o  which it 1s subjeoted, and then 

Therefore, s l m e  failure is dependant on both craek length and stress, 
it I s  logiual t o  Beak a parameter that inuorporates the two. 
t o  knou the atresrr level beyond which defects of n spaaified else  are 
subjeot t o  oatastrophioally rapid propgetion,  if would be possible to 
establ i sh  R conservative des ign I n  which Rtreases would not m e e d  t h e  safe 
level such that pre-8xistir.g flaws and defects vould not propagate. 
The most generally used porameters t h a t  are indicators of the ability of a 
material t o  resist fracture, are called 
extension forcg or ptaxfn enerm 

If one were 

Q U X ~ ~  (KO) end creek fi  

For an i n f i n i t e l y  wide plate:  

I(c = a , q r  
where Ir, = fracture toughness ( K s L c )  

CG = gross seation stress avay from tke cracked 
section R t  tf.e maxiffium Load (Ksi) 

8 = one half of t h  craak Length a t  onset of 
rapid propags t l o n  (in. ) 

and and Go = (&el2 
f 

w ~ r s  = crack extension force (in#/&) 

E = Young's Modulus of  Elastiaity 

I n  general, the higher the gC or h, ttu better are the toughcesa pro- 
;3srties of the material and, therefore, the better the resistaitw Lo 
brittle f rslcture. 

According t o  Campbell and Achbnoh(51, hi& strength steels that have Cc 
values of  less than 600 (ire aubjeut t o  britt le  fracture. 

Slnce the we of the fractu-e touClfine8e concept I s  still in its infanoy, 
standardization of testing f o r  detenaination of  94 and Go i s  prac t i ca l ly  
non-existant, although both ASTM and NiTC conamlttere are studying the 
problem. 

The mejority of tests(5)  have been in three ereass 
speehenr, (2) Charpy Lnpoot Spsclmens, and (3) Center Notch Specin;erm. 

The edge notch apeohen he.8 been used primarily for determboltlon oi' s ~ ~ G E : : :  
concentration factores and more important, for the notcbunnotch m t i o  
sareening tests. 

( 3 )  Wge not& 

The impaot tests ere designad to ineastwe the t o e d  
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energy required f o r  fracture. 
fully adequate m d  quantitntfve design data. 

I'Jeltlier of these two t e s t e  c m  provide 

The mafority of t lm etrphasis (911 reosnt years) has been directed t o  the 
aenter-notch specimen.Iruin has directed his efforts toward dweloping 
t e s t o  that wiI.3. dupliaate the ection of the materisl under service condi- 
t iono and still allow a vigorous mntfiematiaAl stress analysis. Sinoe the 
aatastmphic failure problen i o v i t a l ,  a flurry of techniques and 
specinens have been developed. 958  

Generally, the tspeoinea shape is reotangulnr, I s  pulled in t e n d o n ,  snd 
oonkfna a center slot p6rpernillcub.r t o  the dbect ioa  of loading. 
though there m e  various ideas comernhg the dinmsions, rata of lomling, 
eta., the lqpst  nrea of difference of apinion concerns the €lot Itcull". 
N o s t  eqxiwhoenters agree on a slot length that is 30 t o  40% of the tzl)tL11 
width of the speoirmn. 
t i p  of the crack should be small find resemble a %atUral  crack" or -:icro 
arnck. 

.V- 

Hmmmr, Q large nmber feel tht the rRdil;:* o r  t h e  

Christensen of ~ouglae(6) insists tinat a fatigue creak is tte most 
uuatural crack" thnt can be l ~uccsd ,  Other n o t c h b g  methods include 
jeweler's saw outs, s o x  or a e k t r d e t  (electrioal disaherge) ciit~i, ?II? 
hydrogen enbrittlemarnt cracks, 

V k x t  remarchers agree tha t .  any notch i s  stiff icient that i s  shark er.ough 
to inducr some slow crock propaa;ation pr ior  t o  rapid crack growth leed- 
ing to failure. 

It is the opinion of the author  t ha t  no crsck should be induaed by a 
Mthod t h a t  w i U  change the temper, or the physical o r  mechanical pro- 
perties of the material in  front of the cracrk. 

It should be noted that a relatively blunt notch that nay be acceptable 
for teet ing a ducti le  material, may not  be and gcanemly ie not acceptable 
for test ing a brittle material or a material that bemmea brittle at 
cryogenic temperatures. 

The two variables that must be Bleasursd t o  obtain Q, fire mXirr,um land 
and total crack lrsgth. The load l e  normrally measured by the sensing 
devise on the test5ng nmchlne. 
estimating crack length are by observation of the fracture appearance 
(not completely reliable.) after failure, and by a staining technique. In 
the lettam, a drop of ink o r  dye (Zyglo works quite well) i a  placed i n  the tiLz 
of the crauk. 
the fast propagation beginr, the  Qe oannot follou and the  cr i t ica l  crack 
length 1s eaaily measured. 

'Pbe t w o  nost prominent methods of 

As tho cmak propagates slowly, the stain fol-lawa; but Glen 

This technique I s  useful 9 t  roo3 tsngareture 
onlg. 



Morrisan and Kattar(7) of Southern Resear& Ina t i t u t e  have drrraloped 
an elaotrloal system in vhich a number of fine wires are flash welded 
aal20m the  oraok and the polxmtlal is inessuzwd when a 10 amp owren t  i a  
applied t o  the  speoiaen. 

The sptem is oalibrated by comparison t o  standard specimens ul th  
known Crack lengths, 
b r i t t l e  materials, ulna. the  system cannot dirrcriminate between crnoks 
and high elongation. 

The m e  of dlurvetyor'a t r a n e i t s  focusod on e steel scale attached t o  the 
apodmn have provided exml lont  results a t  Astronautios. 

Unfortunately, this teohnique is  usable oaly u i t h  

1 

A t  -320*F, the specimen l e  Immersed i n  l i q u i d  nitrogen contained i n  a 
crpoatat  ulOh a viewing port and the 6&une teohnique is uaed. 

The ooraputatlon of G c  Is performed using a var ia t ion  of the Inf in i t e  
p la t e  formula that aocouts  for f'fnite p la t e  width 88 fo~~awat 

where w = speo5men width l a  inches 

trvllautlos T eat  Pr 0- a. 

Spocinena at Autronautios have cansioted of rectangular center notch 
tensile ooupons of two slrstr (1) 19" x 36" with a 5" c8nter Botch, 
(2) I a  x 10" with a 14" oenter notoh. 

Sinoe the width t o  thicrknesa r a t i o  of the  SmRll speolmen usually exoeeda 
1 5  (the mad.mrn r a t i o  reaommarrded by "M) ( 8 ) ,  doublers were spot 
welded t o  the  ends of t he  epcbcimern t o  provitio both a t l f fnes s  and more net 
area. a t  the loading pine, Stabi l i ty  ie provided for the large apecbene 
by mane of cast  alumhum end f i t t i n g s  that are bolted t o  t h e  e p e c h n .  
SlOtS are aut  in the apeoimens by the eleotrioal disoharp method (E;Lek- 
t r o j e t )  with a ,001 inch t i p  radius. (Fig, 1 )  

Observations of crack lengths by u8e of surveyor's t r a n s i t s  have been 
ver l f fed  by the Zyglo Penetrant tdmlque .  

A cryostat  f o r  tee t ing  the amnll ooupons has been construoted and has been 
suacerefullp used a t  both -320oF ( l iqu id  nitrogen) and -423OP ( l iquid 
hydrogen). (Fig. 2) 

Terting has been performed in both B.lduln-Lim&Hamllton and Tiniua- 
Olson teeting machines. 
load test maahfne was ohsoked a d  found satisfactory.  

In  addition, the  f e a s i b i l i t y  of using a dead 
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Roo= Temperatwet 

(1) Install e p e c h n  in test machina 

(2) Attach male to specimen sdjauent and parallel to the 
crrack 

(3)  Focus s*lrveyorts transits on scale snd take no-load 
readings 

(4) Apply load to spectimen . 

( 5 )  Take periodic readings OD scale u n t i l  failure of 
specimen 

Cryogenic Temperature I 

(1) 1n~ta11 viewing oryostat i n  testing mchine 

(2) 

(3) 

Install specimen w i t h  scale Rttaohed in c r y o s t a t  

F u l l  vacuum on casing of cryostat if needed 

( 4 )  Fill w i t h  lfquified gas 

( 5 )  &,en cryostnt i8 chilled, take zero reeding w i t h  
t r ans i t  B 

(7) 

(8) Observe frsloture appearance 

Take periodic reading6 on male u n t i l  failure of speoimsn 

To data,while va?ious materblp have been tested, only  301 stainless steel  
has been evaluated suf+fioiently to obtain statistlcal accuraay. 

The mjori%y of tes ts  performed have been on 301 extra full hzrc?, but 
fall hard, 3/4 hard anti hclf hcrd have nlao been tasted. 

A limited number of transveree specimene and a 'few reworked samples of 
301 were 8160 tensile tested. 

Sheet thiekne~ses ranged from 0.010" to 0.040". 
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To date, mre than 50 c r m k  propagations spechena have been tensile 
tested at room tmperature and at -32OOP. 
mber of tests have been conducted a t  -423OF and the  dnta vi11 be con- 
tained in subsequent reports. 
develop t e s t  and instrumentation techniques. 
evaluate relative toughnesoas of rarlous materials with varloua tempere. 
It should be noted also that no concltisiw testing has been done at 

although other experimenters (e.g. Berstein and Young) have concluded 
tkat there is 9 definite  oonelat ion.  

f b r e  recently, 9 considorabh 

A number of these have been used t o  
O G f i e r E  tm-e designed to 

Adronautios t o  mluP,ta the eff& of thicknes~l on frctoture tou& IT'- n 8 9 83 

W t s d  testing suggests that fracture toughness is Influenced by ciepce 
of Cold work, which is more o r  less in agreement with tile no!drurinotcfi 
ratio indications, 
(and G c  ) of 301 stainless steel sheet reaches a peat when the mcterin,l 
i s  cold work to a kiirdnsrss corresponding t o  a yield s t r e n g t h  of  appro& 
lmately 160-370 kai. 
findings einse control  of ohamical compoeition, e t c .  uas not conpletely 
adequate . 

A series of 2.2 t e s t s  shows ti:& the frxctme touzhvaes2 

Additional testing i s  required t o  verify them 

A single heat and aoil of 0.025" 301 SS (XFH) was used to w d l v ~ t e  t.he af'fect 
of temperature on All speolmens were of the sem size 
and type exbcrpt t b t  half were from longitudinal and half were from trsns- 
varee gra in  directions. 
materisl should have a oritioal orack extension force ( Gc ) of st 
l m s t  600 Inch pounds per squnre inch t o  be considered usable f o r  pre::Jut;l 
~ e s ~ e 1 8 .  
-32OOF with everage longl tudina l  vnluea of 16Q and 3432 rssyccWvely. 
n o  toughness o f  the trariaverae 8 h w t  ('74.7 a t  7503' arid 385 a t  -320°F) 
indlcates a possible trouble ar'QR if the material %E aubjected to other 
than n o m 1  prewure vessel stress. 
deredt 

and Gc (sea Table I). 

It bas been suggested (e.g. by C q b e l l )  thnl; 8 

If' this crltsrian is used, Bl iR suitable for use r l t  75O.I' nnd 

The following should also h conai- 

For a cylindrioal pressure vessel ,  

0,%26' 
w!:ere 6 - H  = hoop stress 

(5' = mi& stress -- m d  substituting, Since G,- - 

Therefore 5f the G c  for the longftrrdinal shiest (hoop) is 0qi,ta3 to 4 
times tha G c  for the  ~ E B L ~ S V O ~ S ~  sheet (aial), the resiatanw t o  b r i t t l e  
fracture ie equivalent in directions, 
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7- If, however, the trmcaverce " i t  is less t han  four tfses t h o  l o q i t , u d i m l  

the desien criterion. 
temperature the trarnwerars GC is slightly less t h a n  half of the loa& 
turllnal Gc However, a t  -320°F, the average 
transverse Gc is only 27% of t h e  average longitudinal G . The 
average values are acoeptable, but jus t  barely. 
individual results within the groups, we find that  the  trmweroe, v~slue 
is 21% of the longitudinal value, 01' lspa than  t lm 1 4  rat io .  

Gt , the transveree then beames the oritioal aundition and should be 
Consider the t e s t  result8 obtriimd; a t  r o ~ m  

, which I s  acoeptable. 

If we use the extarerne 

If Chis trend contirilie8 w i t h  a decrease in tempereture, it i a  likely thnt 
the 1-4 ratio w i l l  be g r e a t l y  violated at -4230F and that the critictxl 
aeslgn criterion wl13 be the transverse freatwe toughwss or the cr i t ics1 
crack oxtension force (G t'). Further t e s t i n g  i s  imdervay to extend the 
fractum touglanesa &ita t o  the temperature of liquid hydrogen ( - @ 3 9 F ) ~  

fn addition tests are underway to  WalUate the toughnese pmpertiocs of 
fusion butt welds in high strength aheot alloys, including Types 301, 
304 XU: 310, and 321 stainless steels, and the  5Al-2.5Sn titanium alloy 
over the temporatwe range of 
by making a transverae fusion 
then slott ing the specimen in 
underway and tlre test results 

t75*P to  -423*F0 
butt weld acme$ the 4n wide specimen and 
the weld m a .  These teats are currently 
will be published shortly. 

These t e a t s  are prformed 

1. The crit ical  craok oxtension form ( G c )  of 301 ml, .025" :on;- 
i t u d i m l  sheet is well above %he arbitrary 600 figure recormended 8 5  

R minhurn at 75OF m d  -3200F. ( 5 )  

The G, of trsnsverse 301 X.33 sheet m y  be marginal for use in 
presstzre vessels n t  -32OOF. 

2. 

3. A rmll number of teste  Indicate that 301 stainless steel sheet has  €3 

moA.mun resiatacce to brittle fracture when t h e  material kas been 
cold-vorked to give a yield strength of 160-170 k s i  a t  room temperature. 

Rwsvsluate design criteria for  presaure vessels Psbrioatsd from 301 SS 
when u ~ e d  at -32O*F or belov t o  W e  in to  account possible b r i t t l e  fmct.:ire 
i n  the transverse directla. 
provide yield strengths above lW k s l .  

Avoid requesting cold working of 301 SS t o  
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Aatively pilraue fracture touehxmss test in& as foll.owst 

(1) Deternine G, of all hizh strength rmtorials being used ..mil 
ariticipted for use in fidvanced s p a e  vehicles over 9 tmp- 
srature range, including the proposed operating conditians. 

(2) I3etemi.m effect of  var ia t ion of thickness, m o u n t  of cold 
work, ahemical composition, and temperature upon the fracture 
chsrnotsristias of high strengbh sheet materids used in 
criticcilly stressed applimtians. 
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